ABSTRACT: Using a classical physiological model based on nutrient uptake kinetics, we explored the effect of turbulence on resource competition and succession between 2 phytoplankton functional groups on ecological and geological time scales. The 2 groups we considered are silica-precipitating diatoms and carbonate-precipitating coccolithophorids. Using published experimental laboratory data for parameterization, our model results suggest that diatoms dominate under highly turbulent regimes, while coccolithophorids tend to dominate under stable, nutrient-depleted conditions. We attribute the success of diatoms in highly dynamic systems to luxury uptake of nutrients afforded by the evolution of storage vacuoles. In contrast, coccolithophorids are more successful in resourcedepleted waters, due to their lower minimum limiting-nutrient requirement (R*). We examine how these differences in nutrient acquisition strategy potentially explain the long-term trends in the fortunes of these 2 taxa on geological time scales. The fossil record indicates that coccolithophorids rose to ecological prominence in the mid-Jurassic and reached an apex in the mid-Cretaceous, but have declined throughout the Cenozoic. In contrast, diatoms have risen rapidly in the late Cenozoic, especially from early-Miocene time to the present. Based on paleoclimate reconstructions, from Mesozoic times, we hypothesize that the relative success of the 2 functional groups reflects, in part, long-term changes in upper ocean turbulence and its influence on the temporal distribution of nutrients.
INTRODUCTION
The cascade of turbulent energy in the upper ocean creates a continuously fluctuating environment on scales from hundreds of kilometers to millimeters (Kolmogorov 1941 , Denman & Gargett 1983 ). On scales relevant to individual phytoplankton cells (Estrada & Berdalet 1997) , these fluctuations preclude equilibrium conditions, such that multiple species from diverse taxa co-exist within the same water mass (Hutchinson 1961 , Siegel 1998 , Li 2002 . However, given a finite number of nutritional elements and a single energy source, phytoplankton inevitably compete for resources (Tilman 1977) . Consequently, selection imposed by resource competition has led to taxa level physiological diversification. In this paper, we explore how trade-offs of these adaptations, such as the evolution of a storage vacuole and higher nutrient uptake affinity, can confer selection pressure on phytoplankton community structure on geological and ecological scales.
We consider competition between 2 phytoplankton organisms representing 2 functional groups (IglesiasRodriguez et al. 2002) . One group has a storage vacuole and can accumulate nutrients in excess of its immediate growth requirements (Raven 1997) . We assume, for the sake of simplicity, that the second group has no nutrient storage capability. This is analogous to the competition between diatoms (Bacillariophyceae) and coccolithophorids (Primnesiophyceae), 2 classes that greatly influence biogeochemical cycles in the modern ocean (Iglesias-Rodriguez et al. 2002) , and have left strong geological imprints in the sedimentary record for the past 200 million yr (Myr). For our modeling exercise, we simplified the complexity and diversity found in nature and we did not focus on any specific diatom and coccolithophorid body form. We assumed both cells are of equal size, thereby eliminating allometric effects while simultaneously concentrating on the effect of nutrient acquisition strategies vacuoles potentially confer. While allometric effects can be significant, and the size structure of the 2 functional groups has changed on geological time scales (Finkel et al. unpubl.) , allometry per se cannot explain competitive selection on geological time scales because of adaptive evolution (Cohen et al. 1993) .
The fossil record indicates that coccolithophorids originated in mid-Triassic times and reached a maximum in species richness in the Cretaceous (Roth 1987 , Bown et al. 1992 ). On ecological time scales, formation of precipitation of calcite by coccolithophorids (Young et al. 1991) alters the equilibrium of the inorganic carbon system and alkalinity of seawater (Holligan & Robertson 1996) . On geological time scales, the calcite contributes to the formation of massive sedimentary rocks, which is the major sink for mobile carbon on Earth (Falkowski & Raven 1997) . The origin of diatoms is more ambiguous; however, the first verifiable fossils are recorded in mid-Jurassic times (Harwood & Nikolaev 1995) , but the fossil record suggests the group did not have much of an ecological impact in Mesozoic time. By the middle of the Cenozoic, however, especially at the Eocene-Oligocene boundary, diatoms became a widely diverse group that has steadily risen to ecological prominence to the present time . Indeed, in the modern ocean, diatoms are among the most successful eukaryotic phytoplankton, contributing as much as 40% of global oceanic net primary production and a proportionately high fraction of the organic carbon exported to the ocean interior (Longhurst & Harrison 1989 , Smetacek 1999 .
Competition between these 2 taxa can be inferred in the contemporary ocean based on observations of living cells, and can be extended to geological time scales based on the fossil record. Our central hypothesis is that nutrient pulses, with different frequencies and intensity, regulate the abundance, dominance, and succession of coccolithophorids and diatoms. This hypothesis is a corollary of both the intermediate disturbance hypothesis (Connell 1978) , and the physical disturbance hypothesis (Margalef 1978 , Sousa 1979a ,b, Lewis et al. 1984 , Margalef 1997 . Species diversity is greatest with 'intermediate' amounts of disturbance, i.e. the physical dynamics neither reflect the lowest nor highest free energy states. The size and intensity of the disturbances also determines diversity (Connell 1978 , Sommer 1985 . These basic concepts have been broadly applied in marine plankton ecology to explore community dynamics and diversity. Here we examine the hypothesis in the context of a classical model based on resource competition for nutrients (Tilman 1977) on geological time scales.
THE COMPETITION MODEL
Competition was numerically simulated using a modified version of Droop's classical nutrient uptake model (Droop 1973) . All symbols and constants are summarized in Table 1 . The model assumes that the phytoplankton is limited by only one resource required by both species, in this case NO 3 -. In the formulation the specific growth rate is (µ) of species (i) and can be related to the cell quota (Q) for a nutrient (R):
(1) The growth rate (µ i ) reaches its maximum (µ max,i ) and becomes asymptotic as Q i approaches ∞.
The rate of change of the population density (N ) is affected by the growth rate of the population and its mortality (m i ):
(2) Nutrient uptake (ρ i ) is a function of external nutrient concentration (R), maximal uptake (ρ max,i ) and half saturation constant (K i ) and its dynamic is well described by a hyperbolic function:
The rate of change of the cell quota (Q i ) is dependent upon the nutrient uptake rate (ρ i ), maximal growth rate (µ max,i ) and the difference between the instantaneous cell quota and the minimal cell quota (Q i 0 ). The larger this difference, the slower is the rate of change of the cell quota:
The rate of change of the external nutrient concentration (R) in the system is a function of the dilution rate (D) and the total uptake by the organism:
This set of first order ordinary differential equations expresses the mass balance of the cell numbers and of the dissolved and cellular nutrient. This system of equations was solved numerically using the RungeKutta algorithm (Butcher 1987) .
Intracellular storage capacity (e.g. a vacuole) introduces a time lag between the exhaustion of the extracellular nutrient concentration and the actual nutrient limitation of growth. As the extracellular pool becomes smaller, intracellular storage pools are reduced; however there will be a time delay between depletion of the extracellular pool of the limiting nutrient and the reduction in the rate of growth. This delay is a function of growth rate and buffers the cell from promptly responding to the external nutrient concentration. The buffering capacity declines as the cells divide without a sufficient supply of external nutrients to maintain balanced growth (sensu stricto, Falkowski & Raven 1997) .
When equilibrium is reached between loss and growth rates, the superior competitor will have a smaller resource requirement (R i *) (Tilman 1977 ). The abstract parameter R i * is described by Eq. (6.):
This parameter can be used as a predictor of the competitive outcome at equilibrium and in the absence of competitors (Grover 1989) . The prediction given by (R *) may change if the system does not reach equilibrium, as in the case of a variable resource supply.
Parameterization of the model is based on a compilation of data obtained from published literature (Table 1 ). All runs were initialized with a density of 1000 cells for each species. The simulations were run for 8760 model hours, equivalent to 1 yr. The resource was supplied as a series of pulses at frequencies of 12, 4.8, 1.85, 1.0, 0.33, 0.2, 0.13 and 0.10 cycles d -1
. These chosen frequencies are representative of a series of oceanographic mixing processes due to internal waves, semidiurnal and diurnal tides, and the average frequency of storm events in the ocean.
MODEL RESULTS AND IMPLICATIONS
While the numerical simulation model does not prove that turbulence per se is the key factor selecting between these 2 functional groups, the model does provide a useful heuristic framework in which to explore how nutrient uptake kinetics can interact with turbulence to influence the relative abundance of these 2 phytoplankton classes.
The results of the simulated competition between diatoms and coccolithophorids over a range of pulse frequencies and intensities for a year are presented in Fig. 1 . As has been previously shown in similar model exercises (Sommer 1985 , Grover 1991 , Spijkerman & Coesel 1996 , Ducobu et al. 1998 , the concentration of nutrients regulated the overall carrying capacity of the system. Our results suggest that the frequency of the nutrient pulses (i.e. a surrogate of turbulent mixing) was the key factor regulating the relative abundance of the 2 phytoplankton taxa. Diatoms were selected Aksnes et al. (1994) when the nutrient injections had a frequency of 0.40 d -1 or more, regardless of the concentration of nutrient within the pulse. The success of the diatoms at high pulse frequencies reflected their higher maximal growth rate due to higher maximal nutrient uptake rate and half saturation constants.
The presence of vacuoles in diatoms permits high growth rates as external nutrient concentrations decline (Fig. 2) , thereby effectively extending the range of environmental conditions allowing for maximal diatom growth rates for at least 1 generation. This occurs as the rate of nutrient injection into the euphotic zone is low. The ability to internally store nutrients was present in the cellular signature of the diatoms. The nitrogen cell quota for coccolithophorids never increased to more than 60% of the minimum. In contrast diatoms reached nitrogen cell quotas as high as 145%. The increase in the cell quotas in the coccolithophorid is due only to an increase in cell size, while in diatoms the variation in cell quota reflects the combined effect of changes in cell size and nutrient storage. The variations in cell quota are due to the difference between Q 0 and the maximum cell quota (Q max ). The latter does not appear explicitly in our model formulation, but can be derived from Eq. (4) and will be defined by:
Co-existence between diatoms and coccolithophorids over the simulated time was found at intermediate pulse frequencies between 0.48 and 0.20 cycles d -1
. The co-existence was regulated by the frequency of the nutrient injections, the concentration of the nutrient injection modified the relative biomass between the taxa. Finally, nutrient pulses at frequencies of 0.20 cycles d -1 or less selected for coccolithophorids, regardless of the concentration of nutrient (Figs. 1 & 2) . The success of the coccolithophorids under low frequency pulses reflected their lower R * values.
These model simulations qualitatively mimic field observations in the modern ocean. Diatoms are globally distributed and dominate phytoplankton community structure in nutrient-rich environments (Smetacek 1999) . Given this, the lifetime of the diatom blooms has often been related to nutrient availability, which is driven by the overall mixing dynamics of the system (Margalef 1978 , Legendre & Fortin 1989 , Thomas et al. 1997 , Gibson 2000 . In contrast, coccolithophorids have a higher affinity for nitrogen, which allows them to grow in low-nutrient environments, such as the Sargasso Sea, and to bloom in nutrient-depleted temperate seas (Hulburt 1970 , Brown & Yoder 1994 , Balch et al. 1996 , Henriksson 2000 , Iglesias-Rodriguez et al. 2002 . In the latter case, coccolithophorid blooms follow the bloom of diatoms earlier in the season (Iglesias-Rodriguez et al. 2002) . These results can be related to the classic r and K paradigm (MacArthur & Connel 1966) , where r-strategists (e.g. diatoms) dominate in high mixing environments and K-strategists (e.g. coccolithophorids) dominate under oligotrophic conditions. Although competitive exclusion could theoretically occur under extreme conditions, and the model can force such a condition, this phenomenon does not occur in the real ocean. The coexistence, of 2 taxa competing for a single resource is a consequence of the dynamically unstable nature of aquatic ecosystems (Turpin & Harrison 1979 , Sommer 1984 , Chesson & Huntly 1997 . However, there are trends in taxonomic dominance that are manifested on both ecological and geological time scales. This is an extension of Margalef's 'Mandala' in a geological context (Fig. 3) .
The geological record during the Pleistocene reveals a periodicity of opal/calcite deposition corresponding to glacial/interglacial periods. We suggest that such alterations in mineral deposition are related to upper ocean turbulence linked to the Milankovitch cycle (Berger 1988) , i.e. the sedimentary record is a 'fax machine' of mixing (Falkowski 2002) . Glacial periods appear characterized by higher wind speeds and a stronger thermal contrast between the equator and pole. These 2 factors would, in accordance with our simple nutrient uptake model, favor diatoms over coccolithophorids (Gargett 1991) . During an interglacial, more intense stratification, weaker winds, and a weaker thermal contrast between the equator and poles would tend to reduce upper ocean mixing and favor coccolithophorids. Silica and iron are not explicitly taken into account in our model, but these elements are mainly wind-and river-borne to the ocean, and their fluxes have been shown to be much higher during maximum glacial periods (Froelich et al. 1992 , Harrison 2000 and therefore they co-occur with higher turbulence periods. Moreover, while silica availability will undoubtedly also influence the relative success of diatoms and coccolithophorids on these time scales, we suggest that the climatically forced cycle, played out on time scales of 100 kyr (kiloyears) (over the past 3 Myr), can be understood as a long-term competition that never reaches an exclusion equilibrium condition. On longer time scales, however, the factors leading to the inverse dominance between coccolithophorids and diatoms are not clear. Over the past 65 Myr there has been a long-term trend in the diminution of coccolithophorids and a rise in the diversity of diatoms. Coccolithophorids emerged in the late Triassic and rapidly radiated throughout the Jurassic, reaching a zenith of species richness in the Cretaceous. At the Cretaceous-Tertiary (K-T) boundary, many species became extinct; moreover, throughout the Cenozoic, the number of species has declined (Roth 1987 , Bown et al. 1992 (Fig. 4) . The timing of the origin of diatoms is more elusive. The fossil record of diatoms in the Mesozoic is obscured by problems of preservation; however, several species are preserved in the late Jurassic (Harwood & Nikolaev 1995) , suggesting that the origins were in the early Jurassic or perhaps as early as the Triassic. It is clear, however, that this group did not contribute nearly as much to export production during Mesozoic times. Following the K-T extinction event, however, diatoms became increasingly abundance and radiated rapidly in the Miocene. In the modern ocean, diatoms have become one of the dominant eukaryotic photosynthetic phytoplankton taxa (Smetacek 1999) , disproportionately contributing to the export flux of organic carbon to the ocean interior (Longhurst & Harrison 1989) . What caused the changes in the fortunes of these 2 groups over the past 65 Myr?
We suggest that the ongoing successional displacement of coccolithophorids by diatoms in the Cenozoic is, to first order, driven by tectonic processes, especially the Wilson cycle (Worsley et al. 1986 , Nance et al. 1988 ). The Mesozoic period was relatively warm and was characterized by a 2 cell Hadley circulation, with obliquity greater than 37.6°C, resulting in a thoroughly mixed atmosphere with nearly uniform temperatures over the surface of the Earth. The atmospheric heat transport to high latitudes decreased the latitudinal thermogradients; global winds and ocean circulation were both sluggish (Huber et al. 1995) . This relatively quiescent period of Earth's history was ideal for coccolithophorids. Following the K-T bolide impact, and, more critically, after the onset of polar ice caps, about 32 Myr ago, the Hadley circulation changed dramatically (Crowley & North 1991) . The net result is more intense thermohaline circulation, greater wind speeds and decreased upper ocean stability (Chandler et al. 1992 , Barron et al. 1995 . These climatic changes, combined with orogenic events in the Cenozoic, resulted in an increase weathering and nutrient availability to the primary producers (Follmi 1996) . Associated with the decrease in stability and increase in nutrient availability is the rise of the diatoms.
The early Cenozoic orogenic events, coupled with a decline in volcanism (Rampino & Stothers 1988) , led to a long-term depletion of CO 2 and a corresponding decrease in temperature in the ocean interior resulting from global cooling. The resulting stratification has, in turn, led to an increased importance for wind-driven upwelling and mesoscale eddy turbulence in providing nutrients to the upper ocean (Bakun 1990 ). The ecological dominance of diatoms under sporadic mixing conditions suggests that their long-term success in the Cenozoic reflects an increase in event scale turbulent Haq et al. (1987a Haq et al. ( ,b, 1988 . The data were kindly compiled by . While the fossil records of phytoplankton are clearly incomplete, the macroevolutionary patterns of diatoms and calcareous nannoplankton over the past 250 Myr clearly reflect ecological selection and physiological and structural adaptation. Our model results suggest that the evolution of a vacuole and the ensuing effect on nutrient uptake kinetics, is potentially an important determinant of diatom dominance in the contemporary ocean, and may have also played a major role in selecting for phytoplankton taxa on geological time scales. Clearly this was not, and should not be construed as the only adaptive process that determined the relative success of diatoms on geological time scales. The appropriation of a silica-based shell (i.e. frustule) clearly had adaptive advantages in relation to protection from some metazoan grazers (Hamm et al. 2003) , and possibly viral infection (Smetacek 2001) , as well as carbon acquisition (Milliagan & Morel 2002) , but also meant that diatoms had an absolute requirement for silicate, which can only be supplied by weathering of continental rocks . Plastid inheritance (Grzebyk et al. 2003) , and trace element specificity (Quigg et al. 2003) were potentially additional selective agents that conferred an advantage to chromophyte organisms in general. It is clear, however, that our understanding of the factors controlling the tempo and mode of evolution of the major phytoplankton taxa are only poorly. We hope the hypothesis presented in this paper stimulates discussion of the critical processes and feedbacks between the evolution of these polyphyletic organisms and their role in shaping the geochemistry of the oceans for the past several hundred million years of Earth's history.
